PACS 61.46.Km -Structure of nanowires and nanorods (long, free or loosely attached, quantum wires and quantum rods, but not gate-isolated embedded quantum wires)
Introduction. -Nanostructured tungsten oxides (WO x ) have received considerable attention due to their high electrical conductivity, chemical stability and superior electron field emission (FE) characteristics [1, 2] . The size, density, composition (i.e., the O/W ratio), and nanostructure of tungsten oxide nanowires (TONWs) play crucial roles in determining the FE performance [1, [3] [4] [5] . However, control over the oxygen adsorption of W-based nanowires for FE applications is rarely accomplished due to the required harsh reaction conditions. In general, oxygen adsorption might arise from the oxygen contamination of source material during wire growth, the residual oxygen in sputtered films or intentionally doped oxygen gas (O 2 ) during sputtering deposition [6] , and oxygen/humidity adsorption of the grown TONWs [7] . Recently, Ar, O 2 , and H 2 plasma treatments have been used to improve the FE characteristics of carbon nanotubes (CNTs) by varying the morphologies and removing impurities or defects [8] [9] [10] . Hydrogen plasma (H-plasma) treatment has been shown to greatly improve FE because it effectively eliminates impurities and modifies both the structure and surface morphology of CNTs [10] . In this study, H-plasma treatment is used to reduce the amount of oxygen adsorption and to tailor the density and morphologies of TONWs. Improved FE (a) E-mail: sjwang@mail.ncku.edu.tw characteristics are demonstrated and the related reduction in the effective emission barrier height is analyzed and discussed.
Experiments. -In the experiments, pure tungsten (W) films with a thickness of 60 nm were sputter-deposited on n-type Si (100) wafers. The deposition was carried out under an Ar flow rate of 24 sccm, a dc power of 200 W, and a pressure of 7.6 mtorr at room temperature.
For the growth of TONWs, samples were subjected to thermal annealing in a quartz tube furnace at 700
• C in nitrogen (N 2 ) ambient for 30 min. Figure 1(a) shows the typical scanning electron microscope (SEM) top and oblique view (inset) images of the surface morphology of samples after thermal annealing. Straight nanowires with a density of around 250 µm −2 and length/diameter of around 0.2 µm/20 nm were obtained. The self-growth of TONWs is attributed to phase transition of the W film during thermal annealing, which was found to start from the nucleus sites at the grain boundaries of WO x nanocrystallites on the surface of samples [6, 7] . Samples with grown TONWs then underwent H-plasma treatment in a PECVD system under a pressure of 500 mtorr for 10-60 s. H-plasma was generated from H 2 with a flow rate of 600 sccm ± 10% at a working power of 200 W.
Results and discussion. -Figures 1(b)-(g) show the top and oblique view (inset) SEM images of the prepared samples after H-plasma treatment for 10, 20, 30, 40, 50 and 60 s, respectively. The samples after H-plasma treatment for 10 ( fig. 1(b) ) and 20 s ( fig. 1(c) ) show no obvious change in morphology and density as compared with those of the as-grown case. When the treatment time was increased to 30 s (figs. 1(d)), ion-bombardment of H-plasma resulted in a reduction in both the wire length and density by typically 10% and 27%, respectively, compared to the asgrown TONWs. When the treatment time was further increased to 40 and 50 s, an additional reduction in the wire length and density was much more evident. For the 60 s case, the wire length and density drastically decreased by 89% and 60%, respectively, compared to the as-grown TONWs. Figure 2 shows the TEM image and SAED pattern of an individual TONW obtained from the samples before and after H-plasma treatment for 20 and 30 s. As shown in figs. 2(a) and (d), clear stripes of the lattice plane extend over the whole wire. The corresponding SAED pattern shown in the inset shows that the nanowire has a well crystalline structure. The interplane distance of d-space was determined to be 3.78Å, indicating that the main crystalline phase of the wire is the W 18 O 49 (010) phase. This is similar to that prepared by CVD [11] and to that synthesized on tungsten plates [2] . Note that the oxygen contributing to the growth of TONWs might arise from oxygen adsorbed on the surfaces of the as-deposited films when they were exposed to open air. After H-plasma treatment for 20 and 30 s, as shown in figs. 2(b,c) and 2(e,f) at high magnification, respectively, the TONWs had the same crystalline phase of W 18 O 49 (010). However, it was found that a substantial portion of the wire surface turned into the amorphous phase. Similar results were found in oxygen-plasma treated CNTs reported by Chen [12] . The amorphous surface layer (ASL) increased in thickness with increasing H-plasma treatment time. Figure 3 shows the surface XPS O1s and W4f energy spectra of the TONWs with and without H-plasma treatment. The deconvolutions of these spectra into Gaussian peaks are shown by dashed curves. As shown in fig. 3(a) , the O1s spectra appear around 530-532 eV for all samples. The two deconvoluted Gaussian peaks indicate the existence of WO 2 (∼ 530.5 eV) and WO 3 (∼ 531.6 eV) crystalline phases. The intensity of the O1s peak decreases when the H-plasma treatment time increases from 10 to 30 s and then increases when the H-plasma time increases from 40 to 60 s. The O1s peak of the TONWs with H-plasma treatment for 30 s has the lowest intensity, suggesting that 30 s H-plasma treatment yields the most effective oxygen desorption to the surface of TONWs. For samples with H-plasma treatment for 40, 50, and 60 s, since a large number of TONWs were removed, the detected O1s peak intensity during XPS analysis might have come from the exposure surface of the thermal-annealed W film itself.
As shown in fig. 3(b) , the three deconvoluted Gaussian peaks were at ∼ 31.4 (W4f 7/2 , denoted as peak I), ∼ 33.5 (W4f 5/2 , denoted as peak II), and ∼ 36 eV (W4f 7/2 of WO x /W, denoted as peak III), respectively [13] . For the as-grown TONWs, the intensity of peak III was higher than those of peaks I and II. For TONWs after H-plasma treatment, the intensities of peaks I and II increased with increasing plasma treatment time, while the intensity of peak III decreased. These results show that H-plasma treatment led to considerable oxygen desorption on the surface of TONWs. For the cases of H-plasma treatment for 40, 50, and 60 s, the intensity of peaks I and II decreased but that of peak III increased, which is consistent with the behavior of the O1s peak. Figure 4 illustrates the typical current density-electric field intensity (J-E) curves of TONWs with and without H-plasma treatment. Following the Fowler-Nordheim (FN) equation [14, 15] : where I, J, E, φ, and β are the emission current (A), emission current density (A/cm 2 ), applied electric field (V/µm), emission barrier height (eV), and field enhancement factor, respectively; α is the effective emission area of a single wire in the emitter array [15] , n is the wire density (cm −2 ), and C 1 (1.4 × 10 −6 AV −2 ) and C 2 (6.8 × 10 9 (eV) −3/2 Vm −1 ) are constants [14] . The corresponding FN plots are shown in the inset. The FN plots of samples with H-plasma treatment for 10, 20, 30 and 40 s can be represented by nearly straight lines, indicating that the electron emission of TONWs is probably dominated by the FN process. However, there was almost no detectable emission current for the as-grown sample and for those with 50 and 60 s H-plasma treatment for E < 5 V/µm. Note that the one with H-plasma treatment sample for 20 s had the best emission characteristics among all the prepared samples. It emitted a current density of 10 µA/cm 2 at around 4.7 V/µm which is much lower than that of TONWs (∼ 9.5 V/µm) prepared by annealing of tungsten nitride (W 2 N) films [16] .
In general, FE current is a complex function of the work function, tip shape, diameter, length, and density of the emitter array. All of these factors affect the local field around the tip of TONWs and hence the FE current. Nanowires with a lower work function, sharper emitter tip, and a better length/density ratio are expected to give better FE characteristics [3, 8, 12, 17, 18] . Our experimental results show that the key effects of ion-bombardment of H-plasma on TONWs include a decrease in O/W ratio (the 1st effect) as well as a transition of the crystalline phase from well crystalline to an amorphous structure (the 2nd effect), which reduce the electron emission barrier [4, 12, 19] , and the wire length and density (the 3rd effect). The first and second effect are expected to improve FE characteristics because the former would significantly reduce the resistivity of TONWs [20] and the latter might reduce the effective emission barrier height by regarding ASL as a coating layer to TONWs. Similar results have been reported for ZrO-coated W [21] , diamond-coated Si and Mo [22] , and BN-coated SiC field emitters [23] , where a coating layer thickness-dependent reduction in the effective emission barrier height was found.
However, the third effect of H-plasma treatment leads to different wire lengths and spaces between neighboring wires for different ion bombardment times; as a result, it plays an important part in determining the degree of field screening effect and, in turn, strongly affects FE characteristics [24] [25] [26] . The FE characteristics of TONWs after H-plasma treatment for 30 s were worse than those of the case of 20 s even with relatively better oxygen desorption. It is supposed that the third effect, which determines the emitter geometry, might have dominated the first and second effects.
To compare results obtained from samples with different H-plasma treatment times more quantitatively, the effect of H-plasma treatment on the reduction in the effective emission barrier height of TONWs was evaluated from the experimental FN plots shown in fig. 4 . The intercept of the y-axis and the slope of a specific FN plot, y i and m i , respectively, were extracted, and the density n i was estimated from the corresponding SEM image. Then, according to eq. (1), the effective emission barrier of TONWs was calculated using the following equation:
where the subscript "i" denotes the sample number. The effective emission area should be determined before the effective emission barrier height can be derived. Based on the fact that, as revealed by the SEM images shown in fig. 1 , the diameter and tip shape of the as-grown and H-plasma treated TONWs for 10, 20, 30, and 40 s remain nearly unchanged, accordingly, the same α(= 2.4 × 10 −10 cm 2 ) derived using the as-grown TONWs with a typical barrier height of 6.2 eV [27] , denoted as φ 0 , was used for the derivation of φ for these samples for simplicity. The cases of as-grown, 50, and 60 s were not considered here due to their poor FE performance.
To alleviate other possible uncertainties in the FN equation, the variation in φ, i.e., ∆φ(= φ − φ 0 ), instead of φ itself, was evaluated. The calculated values of ∆φ for the case of 10, 20, 30 and 40 s were −0.01, −0.72, −1.61, and −0.17 eV, respectively. Note that TONWs with H-plasma treatment for 30 s led to the largest reduction in the effective barrier height. Our results suggest that the improved FE characteristics obtained from TONWs with H-plasma treatment could be ascribed to the reduction in the effective FE barrier height as a whole. The calculated results of ∆φ reflect the first and second effect of H-plasma treatment mentioned previously. It is suspected that the magnitude of ∆φ might be in part related to the thickness of ASL formed on the surface of TONWs. The same results were observed for Si and Mo field emitters coated with various thicknesses of diamond layer [22] , leading to a thickness-dependent barrier reduction and improved FE behavior. An investigation on the weightings of the three effects of H-plasma treatment on field emission improvement and on ∆φ is now underway.
Conclusions. -H-plasma treatment under a pressure of 500 mtorr and a working power of 200 W was demonstrated to improve the electron FE characteristics of self-synthesized TONWs from sputtering-deposited pure tungsten films. H-plasma treatment on TONWs leads to a decrease in the O/W ratio, a transition of crystalline phase from well crystalline to an amorphous structure, and an apparent reduction in the wire length and density. In addition, H-plasma treatment for 30 s would yield the best oxygen adsorption and the largest effective barrier height reduction. However, possibly due to the field screening effect dominating the effective barrier height reduction, TONWs subjected to H-plasma treatment for 20 s were found to have the best FE characteristics (a turn-on field of about 4.7 V/µm at 10 µA/cm 2 and a reduction in the effective emission barrier of 0.72 eV). * * *
